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MAGNETIC RESONANCE IMAGING SCANNER 
WITH MOLDED FIXED SHIMS 



Tbe following relates to the diagnostic imaging arts. It finds particular appUcation 
m ma^etxc resonance imaging using high-field. short-bore magnets, and will be described with 

paracular reference hereto. However, it also finds appKcation in other types of m^^^^^ 
imaging scanners. 

to magnette res^Bnc. inugfag, Ugh ^ (Bj g^^j^ ^ ^ 

Mgh main magnetic field producea a at™.ger mag^dc resonance aignal and coos^y Ugfcer 
..gnal-to-noise .atios. Pre»nfly. „«in n:agne« of hi^ reaotato. nu.gnefic resonance imaging 
fanners pn,vide n»in B, magnate field strengfts of about 13 «sla. Scanners main n^ 
that produce fields higher lhan three tesla are projected. 

^^'•^^^"^g^-tl^^ however, it becomes increasingly. difficult to maintam 
magnetic field uniformity as the magnetic field strength increases. Hence, higher strength main 
magnets generally produce correspoizdingly smaUer usable imaging fields of view. Tte field of 
^aew can be enlarged by going to longer magnet botes. However, longer bores raise patient access 
Claustrophobia, and other issues. 

' Eachscaffliertj,,icaUytascmtomn»Mne.icfl.ldd>inmnng„singaUnBofst^^ 
™tta- magnetic material to compensoe fer magnetic field non-nnifonn«ie.. In one ^rangement. 
the shtas are mounted i„ traya that are supported by a gradient cofl former, lire placement of fixed 
steel closer u, the imaging volume is complicated due to a large mmto of other comp««^ ftat 
also disposed within fce magnet be. Ues. otto components include *„e.body radio 
fa^ncy coils and op«o„al local radio fi.que„cy coils. ^ producing magnetic field 

gradtent. in the x-, y-, and z-directions, and shield coils fcr shielding neafty atructu.^ ftom the 
gradrent fields. The radio ftequency coils in particular are ptaeed inside fte gradi«. coils and «te 
metal structures so that fte gradient coils do not affect ft. radio ftequency coU. radio 
faquency coils are preferably placed as clo», as practicable to the imagmg volume. St«a pl.«d 
close to the imaging volume is more effective for st„«ching the field of view, and strongly affects 
tagher order magnetic field terms. Precise positiornng of *e fixed sted array ia importaM f„ 
obtammg optimal performance. 

The present invention contemplates an improved apparatus and method that 
overcomes the aforementioned limitations and olhers. 
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According to one aspect, a magnetic resonance imaging seamier is disclosed, A 
generaUy cylmdrical main magnet assembly defines a cylinder axis. A first set of shims is rigidly 
positioned inside the main magnet assembly at about a first distance relative to the cylinder ajs A 
^ond set of shims is rigidly positioned inside the main magnet assembly at about a second 
distance relative to the cylinder axis. IHe second distance is different from the first distance A 
g«ie«lly cylindrical radio frequency coil is arranged inside the main magnet assembly at about a 
third distance relative to the cylinder axis. A plurality of gradient coils is arranged inside the main 
magnet assembly at about a fourth distance relative to the cylinder axis. 

According to another aspect, a method is provided of making a magnetic resonance 
seamier. A first set of shims is rigidly positioned inside a main magnet assembly at about a first 
distance relative to a cylinder axis of the main magnet assembly. A second set of shims is rigidly 
positioned inside the main magnet assembly at about a second distance relative to the cylinder axis 
lUe second distance is different from the first distance. A generally cylindrical radio frequency coii 
IS mounted inside the main magnet assembly at about a third distance relative to the cylinder axis 
A pluraUly of gradieat coils are mounted inside the main magnet assembly at about a fourth 
distance relative to the cylinder axis. 

According to yet another aspect, a method is provided of magnetic imaging with a 
magnetic resonance imaging scanner. The seamier includes a generally cylindrical main magnet 
assembly that defines a cylinder axis, a first set of shims rigidly positioned inside the main magnet 
assembly at about a first distance relative to the cylinder axis, a second set of shims rigidly 
positioned inside the main magnet assembly at about a second distance relative to the cylinder axis 
that IS diffeient from the first distance, a generally cylindrical radio frequency coil arranged inside 
the mam magnet assembly at about a third distance relative to the cylinder axis, and a plurality of 
gradient coils anranged inside the main magnet assembly at about a fourth distance relative to the 
cyhnder axis. A substantially uniform magnetic field is generated within a field of view by 
cooperation of the main magnet assembly and the first and second sets of shims. A magnetic 
resonance is excited within the field of view using one of the generaUy cylindrical radio frequency 
coil and another radio frequency coil. Hie magnetic resonance is spatially encoded using magnetic 
field gradients produced by the plurality of gradient coils. ITie excited and spatially encoded 
magnetic resonance is detected using one of the generally cylindrical radio frequency coil and 
another radio frequency coil. 

One advantage resides in reduced manufacturing time and effort, and a streamlined 
construction workflow. 
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■ Aaotte advantage resides fa an^ngemen, of shims m syam^ pack.«, 

toward the package support structure. "uwara 

5 , ... T"^^ ^ ^^^^'^ P^^'^^^"" tolerances in 

5 placement offixed steel in the magnet bore. 

Another advantage resides in more efficient use of space within the magnet bor« 

^ J'^^^^^^^^S^'-^^i^i^^-PlacementofsteeldosetotheimagingvoW 
«^ge Ibe field of view. For a given amount of steel, placement of tbe steel close to L imaging 

10 the steel farther fiom the imaging volume. 

Numerous additional advantages and benefits will become apparent to fcose of 
ortay skiU in ti. art upon reading the foUowing detailed description of the preferred 
embodiments. 
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The invention may take form in various components and arrangements of 
components, and in various process operations and arrangements of process operations The 
drawmgs are only for the purpose of illustratir^ preferred embodiments and are not to be construed 
as limiting the invention, 

20 FIGURE 1 diagrammatically shows a magnetic resonance imaging system 

mcludmg a diagrammatic side sectior^ view of a magnetic.resonance imagirig scanner. 

FIGURE2 diagrammatically shows an end view of the magnetic resonance 
imagmg scanno- of FIGURE 1. 

FIGURES shows a perspective view of a dielectric former of the magnetic 
resonance imaging scamper with a birdcage radio fiequency coil and fixed shim packs secured 
thereto. 

nGURE4 shows die perspective view of FIQUBE 3, wifli the fixed sUm packs 
-o^ed to the dielectric toner, lie birdcage radio ftequency coU has heen retnoved ta a,, view of 
MGUKE 4, 

FIGURE 5 shows exemplary moldings containing fixed shim packs bonded to a 
separately molded tray, 

^°^««^<>^s a P'^tive sectional view of a portion of moldings and the 
separately molded tray of HGURE 5, with shim packs encapsulated by the moldings revealed by 
the section. ' 

HGURE 7 shows a closer perspective view of one of the moldings of HGURE 5 
along with a portion of the separately molded tray. 
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n<HmE 7, wA the «iQapsuIated shim padcs rev«aed 1^ the 



'-3. a masnetio resonance imaging .eanner(=*ow„ 
iagramm^toany m coss^™) inchde, «n»ta- main magnet assembly 10, which is p„fe«bly 
^ducting and surrounded by cold shields 12. lie main magnet assembly 10 typically 
^.tades «aive shielding coils. The mrin magnets 10 and ft. cold shields 12 define a magnet bore 
14 mside of which . p«ic« or otter imaging su^ect is phced for imaging. The main magnets 10 
pro4.ce a spatially and tanponUly constant and uniform main magneSc field otiented along a 
lo-gt^^ial a^ 1« of fte bore 14. h«ead of a supen=ond„eting magnet, a non-supe.cc.d„cti„g 

n^gnet can be used. In a pteferred «nbodiment, the main magnets 10 deime a short bote magnet of 
about 1.5 meters or lesa. and produce a high magnrtic field of ttoe tesla or higher in the magnet 

bore 14. However. n-gue. also be a longer bote magnet and/or produce a lower sttengfc 
maguehc field, ^ 

Magnetic field gradient coils 20 produce magnetic field gradients in the bore 14 for 
spa^ly «icoding magnetic resonance signals, for producing magnetization-spoiling field 
gradients, or the like. Preferably, fte magnetic field gradient coils 20 include coils configured to 
produce magnetic field gradients in three orthogonal dir^tions including the longitudinal axial 
direction parallel to the main magnetic field For example, the gradient coils 20 can include 
x-gradxent coils, y-gradient coils, and longitudinal z-gradient coils. Shield gradient coils 22 shield 
the mam magnets 10 and electiically conductive portions of fte cold shields 12 and surrounding 
structures firom the gradient magnetic fields. 

A generally cylindrical dielectric former 24 supports a radio frequency coil 
^sembly 26 that generates radio frequency pulses for exciting magnetic resonances. Tlxe radio 
frequen^ coil assembly 26 also sen.es to detect magnetic resonance signals. Optionally, additional 
local radio frequency coils or phased radio frequency coil arrays (not shown) are included for 
exciting and/or detecting magnetic resonances at locaHzed areas in the bore 14. 

Gradient pulse amplifiers 30 deUver controUed eledrical currents to the magnetic 
field ^dient coils 20 to produce selected magnetic field gradients. Magnetic field gradient 
30 controllers32conti:olthegradientpulseamplifiers30. A radio frequency transmitter 34 
preferably digital. appUes radio frequency pulses or pulse packete to the radio frequency coii 
assembly 26 to generate selected magnetic resonance excitations. A radio frequency x^eiver 36 
also coupled to the radio frequency coil assembly 26 receives magnetic resonance signals. If more 
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ta. on. radio 6^ coil is (su* as a local coil or phas«i co0 to, diScren. 

coUs.rcop«o.allyus.dforfl,e„ag„c«creaooa„ce«»iMonandd«.cttonop«.L 

*= mag^c bore 14. preferably a, or near an isocen.. of d,e ^ J„ ^ 

~ conquer 40 comrr,u,.catea wi«, fee ^dien. co„W,e« 32 and *c «dio iiequency 

34 . produce selected ^sien. or steady s.. „»^c«c 
su^ect to spaMl, encode such magnetic resonances, to selectively spoil „^ reson^rces, or 
od«w,« gen^ato sel«=tod magnetic resonance signals cl,ara«eristio of fte sul^ect The gene^Oed 
magnetic resonance signals are detected by the radio ficprenoy receiver 36, and stored in . 
monory 44. Hre imaging data is reconstiuoed by a reconstruction processor 46 to ptoduc. an 
repreaartation tta is stored in an image memory 4S. In one snitabl. «nbodim«« the 
■«»natn««onprooessor4<!perS™saninverseFonricrlransfom,reconstrn«ion. 

The resultant image representation is ptocessed by a video processor 50 and 
i^layed on a user inter&ce 52. which is preferably a person^ computer, witstation, or o*er 
^ of computer. Rafter than producing a video image, the image reptesentation can be pn»=essed 
^ a prmter «ver ard printed, tians™itted over a ^computer network or the tatem«, or tte lite 
rrefc,-.ly. ti» us^ interac. 52 also allows a radiologist or other operator to communicate wit tire 
magt^c re^manoe sequence controller 40 to select magnetic resonance imaging se.r»nces 
■Mdify mrnging sequences, eMcute imaging sequences, and so forth. 

The main magnets 10 produce a substantially unifonn magnetic field over an 
m««mg field of view. To e«e,rf or sti«ch the field of view, a booster ring of fixed shims «> is 
plao^l ^ about a r»M distance d. relative ^ the cylinder axis 16 drfined by the main magnet 10 
ftdbrably. each fixed shim 60 incMes one or m^e plates of steel or another magnetic material 
that a^ secured togete to define a shim pack 60. The amount of magnetic material in each shim 
pack 60 eotresponda to the mmtber and thickness of secured steel plates. While dre use of shim 
packs is p:^ to fi^iatate mass production of shims of variable mass, it is also contemplated 
fi.r each fixed shim to include a sm^e unitary piece of steel or other magnetic material having a 
selected mass diat nury in general be different for each fixed shim. 

AddittonaUy, adjustable shims 62 are prcfembly selectably arranged at djout a 
r^ d«t.nce d. relative to the cyhnder axis 16 to correct for manufactitring imperfections » 
otenc^^^mifbrmities of fl» magnetic fieldm fl,e imaging field of view. T^ically. the adjustable 
stans 62 are also Steel plates or plates of «K>flrer magnetic material which are selectably placed 
mto sbm trays or oarer shim recq««,Ies rfter manuftcture of the mam magnet 10 and witi, the 
booster ring of shim packs 60 in place. The adjustable shims 62 are selectively inserted during 
mrtid magma cdibralion to hnprov. magnetic field unifonnity within the field of vi«,. Optionally 
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larger di^anate teous ,bim rmga «4 (sko™ diagramnuBcaity in HGUBB 1) m<™«ed ta the 
ptimaty gradient coil foimer. "unime 

"^^ ^'■"=>"''>a assembly M is a^ged « about . radial distoce d, 
.^tn« to tbc cylinder a:ds W. while .be n,agne«o field gradient coiu 20 are pranged a, about a 
ra^al ^stance d. »la.ivc to .be cylinder a^s 16. A n,eUl radio abield « sbields fl» 

graven. coUa 20 and o«»r outer con,po,«n« fr„„ radio iicuency dgnala g^rerated by .fce radio 
ft^qu™^ cou 26. lypicaUy. a bore liner (no. shown) is provided at a radial disbn^e smaUer than 
to radul d,staces of active components to prevent contact wift the active «,mponenta of fte 

Paging, and to improve S^aestettc appearance of ««„^^ 

10 imaging scanner 10. 

In the illustrated embodiment, the first and second sets of shims 60. 62, the radio 
fi^quency coil 26, and the gradient coils 20 have or are axxanged about circular cross-sectional • 
shapes or contours, and are suitably described by distances d. d„ d. which are radial distances 
Ifowever. those skilled in the art will recognize that one or more of the first and second sets of 
shuns, the radio firequency coil, and the gradient coils optionally have or are arranged about 
elhptrcal or other cross-sectional shapes or contours rather than the illustrated exemplary circular 
<^oss-sectional contours. Such non-radial configurations are described by a suitable distance fiom 
&e cylmder axis. For example, a birdcage radio frequency coil having or arr^rged about an. 
elhptrcal contour is suitably described by a distance from the cylinder axis to the coil along a major 
elhpse axis, a distance from the cylinder axis to the coil along a minor eUipse axis, or distance from 
the cyhnder axrs to the coil along an intermediate axis of the ellipse. 

In a preferred embodiment, the distance d, at which the fixed shim packs 60 of the 
booster ring are disposed is smaller than the distance d. at which the adjustable shims 62 are 
sdectably arranged. Shims placed relatively closer to the field of view have a relatively stronger 
effect on the higher order magnetic field harmonics, and so the preferred smaller distance d, causes 
tiie fixed shim packs 60 to adust the higher order harmonics to effectively extend or stretch the 
field of vrew, that is. the region of substantially uniform magnetic field. The adjustable shims 62 
are selectably arranged at the larger distance d, where they have a greater effect on lower order 
magnetic field tenns. 

To efficiently use space near the imaging volume within the bore 14, in a preferred 
ar^ngement the fixed shim packs 60 are disposed on ihe same dielectric former 24 on which the 
radro fi^ency coil assembly 26 is disposed. In this arrangement, the distance d. of the fixed shim 
pacte 60 substantiaUy equals fte distance ds of the radio frequency coil assembly 26. The distance 
d4 of the gradient coils 20 is preferably substantially larger than the distances d,. da In one 
preferred embodiment, the adjustable shims 62 are selectably arranged outside of the primary 
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gradient «>ds can be g«ate than or equal .o fte distoce * of tt. adji^table shima 

« « ?*?*^^'^'='^««'"=™'S«»'»»«.nmgs70offteradiofi.,««j,coa 
^.y WW. in a ^fe:^ e„.bodtae. . a birdoase co«. 1. «.e ««np JmJL 
»b«toe„^ 4e bTdcage c„a « ba, sixteen rungs 70 arranged generally paraDe. .o ,ke 

cytader ax« 16. and to booster ring ineludes sixteen rows of fixed shin, paolcs fio ^ranged a. 

nG0RE2, the fixed sbm pacta 60 an, prefe„,bly arranged in a radiaUy sj™n«ric ftahion 
r^ve to ae cylinder axis U. The fixed shim pacta 60 are preferably also arranged with , 
Wateral synnnetry about a longitudinal symmetry plane 72 (shown in FIGWRE I) of the bo„ 14 
lie radial and Wlrtend symmetries promote controlled and symmetric modification of higher order 
tem« of the m«n (B.) magnefio field. In contrast, the adjustable shims 62 may optionaUy lack one 
or boft of radial symmelxy abotrt the cylinder axis 16 and bilateral symmetry about the longitudinal 
synnnetry plane 72. 

By placing the fixed shim packs 60 of the booster ring close to the imaging 
.volume, substantial stretching of the imaging volume is achievable with a limited amount of steel 
or other magnetic material. However, this close placement also leads to a high sensitivity to precise- 
placement of the fixed shim packs 60. Moreover, the shim packs 60 generally experience 
. substantial magnetic forces from the main B.. magnetic field and from magnetic field gradients 
produced by the gradient coils 20. Hence, the fixed shim packs 60 should be precisely and rigidly 
secured to the dielectric former 24. In a preferred embodiment, the fixed shim packs 60 are secured 
to the dielectric former 24 through the use of plastic encapsulation. 

With reference to FIGURES 4 and 5. an exemplary molded strip 80 of twelve fixed 
shmi packs 60, 60„ 6O3. 60.. 60s, 60«, 60„ 60,. 60,. 60,„. 60., 60,, is shown. HGURE 6 shows a 
cross-sectional view of a portion of the molded strip 80 including the first seven fixed shim packs 
60, 60.. 6O3. 60.. 60s. 60.. 60, In the illustrate embodiment, between one and three fixed shim 
packs is encapsulated in each molding. Thus, a molding 82 includes the shim packs 60, 60.. 603- a 
molding 84 includes the shim packs 60. 60s; a molding 86 includes the shim pack 60.; a molding 
88 mcludes the shim pack 60, a molding 90 includes the shim packs 60, 60,; and a molding 92 
mcludes the shim packs 60,o, 60,, 60„. Althou^ between one and three shim packs are included 
m each molded pack of the iUustrated embodiment, it is contemplated to include more than three 
shun packs m an encapsulation molding. 

The moldings 82. 84, 86, 88. 90. 92 are secured to a separately molded fray 96 a 
pr^fenred embodiment, the moldings 82. 84, 86. 88. 90. 92 are secured by ulfrasonic bonding to the 
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(see FIGURES 6 8) ™ate wia and u.,^o^cal,y bond wi* con^onding sur&ces of 4. 

n»lded toy 96. Addi^^^aTly. to ^.^^y molded «.y 96 includes «aend«i ddcs m 
(see FIGURES 5-7) &rtter support and posMon the moldings 82. 84. 8*. 88. 90, 91. Alttough 
ulta»onic bonding is preferred, ofter bonding teohniqu«^ sueh as potting or astening by 
mechanic^ ftflener^ are also contemplated for securing fte moldings to to (ray. lie sep«,ately 
molded tray 9« is seemed to the generaUy cylindrical dielectric former 22 by ftst«.era. ultmsonk 
bonding, or the like. 

With particular reference to HGURES 7 and 8, the exemplary molding 82 
encapsulates fixed shim packs 60. 60. 6O3. The plates of steel or other magnetic material axe 
nveted together by rivets 104 to form the shim packs 60. 60. 6O3 prior to encapsulation. Tb. 
number of magnetic plates in each shim pack may in general be different. For example FIGURE 8 
shows that the shim packs 60. 60. contain more magnetic plates than the shim pack 6O3 In a 
preferred embodiment, the shim packs 60. 60. 6O3 are positioned in a mold using a spring-biased 
pm or other molding fixture, and the plastic molding 82 is molded around the steel by injection 
moldmg. resin transfer molding (RTM). compression molding, or another suitable technique. The 
moldmg fixture is removed through openings 106 in the molding 82. 

A consideration in selecting the molding material is thermal matching with the 
steel or other magnetic material. A large thermal mismatch can cause cracking or other damage 
dunng setting of the molding 82. The inventor, have performed thermal simulations and have 
determmed that the ultimate strain of the encapsulation material is defined according to: 

8„it^(Aa»AT)F.S. 

'w^ere 

^ ^ ~ '^'eiicapsulation " 0(shim 

AT = T,-T^ (3).' 

suu is the ultimate strain of the encapsulation material, a^^,^ is the coefficient of themral 
expansion of the encapsulation material, a^^ is the coefficient of thermal expansion of the shhn 
matenal, T, is the glass transition temperature of the encapsulation material. is a minimum use 
temperature, and F.S. is a factor of safety. In a preferred embodiment, the moldmg 82 is made of 
Ultem® (a polyetherimide themioplastic of General Electric with a thermal coefficient of 
expansion of 5.6x10^ mm/mm-OQ. Ultem® has a relatively large ultimate strain of about 60% an 
advantageous U.L. rating, and high strength, toughness, and stability. However, other thermal 
plastics can be selected in accordance with Equations (1H3). When using the preferred Ultem® 
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^cp^ r^l, molding 82 ad™ugeou.ly .sealed t«ri^t^^^ 

of about 0^ .0 two weak.. In one c»ne. of .he ibced «n pac>. 6... 

are rounded to reduce Stresses at the comers. 

«« on o, *° '^''''^^ ' ^' ^'^^ 82> 84. 86. 

88. 90. 92 ar. also designed to withstar^d substantial forces exerted on the fixed shim packs 60, 

60. 603. 60. 60. 60. 60. 603. 60. 60,0. 60„. 60. by «.e main B, m^^^^^ 
field gradxents. One technique used to reduce these forces is force balancing ^thin the moldings. 
IMt as. two or three shim packs in a single molding are preferably force balanced such that they 
exert a compressive force on molding material between the shim packs, m Ult^® molding 
matenal is more resistant to compressive stress than tensile stress. Rather than using a pluraHly of 

moldings 82. 84. 86. 88, 90, 92 that are bonded toaseparately molded tray 96. it is contempl^^^ 
make a smgle molding that encompasses the fixed shim packs 60,. 60.. 60. 60. 60s. 60. 60,. 60,. 
W9, oOio, 60ii, 60i2. 

me invention has been described with reference to the preferred embodiments 
Obviously, modifications and alterations will occur to others upon.reading and understanding the 
preceding detailed description. It is intended that the invention be construed as including all such 
modifications and alterations insofar as lliey come within the scope of the appended claims or the 
equivalraits thereof. 
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